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The ion trap mass spectrometer is a tandem-in-time instrument that has promise as an 
extremely sensitive device for practical tandem mass spectrometry assays. An approach for 
the quantitative analysis of unknown drug levels in crude extracts, using combined 
capillary gas chromatography and the ion trap mass spectrometer in the tandem mode, is 
described. One-gram plasma samples were spiked with an anti-inflammatory drug at levels 
of l-100 ng, and with 50 ng of a chemical analog internal standard. Crude extracts of the 
plasma samples are analyzed by using scan functions that utilize combined radiofrequency 
(rf) and dc voltages. The need for combined rf- and dc-voltage sequences for analysis of 
such extracts is demonstrated by comparison to attempted analyses using only rf voltages. 
Limitations of the method are: (1) the need for accurate calibration of ionization times to 
obtain linear calibration lines, and (2) the lack of automatic gain control for scans using 
combined rf and dc voltages to control and optimize parent ion populations and to allow a 
simpler analysis of “unknowns.” (1 Am Sot Muss Spectrom 1992, 3, 372-377) 
T 
he ion trap mass spectrometer (Finnigan-MAT, 
San Jose, CA) is known to have high “ob- 
served sensitivity” in the combined capillary 
gas chromatography/mass spectrometry (CC/MS) 
mode, particularly when mass-selective storage is 
used. When switching to the combined capillary 
GC/tandem mass spectrometry (MS/MS) mode (re- 
ferred to within as GC/MS/MS and restricted to the 
full product ion scan of a mass-selectively stored par- 
ent ion), sensitivity is retained. This is because the 
parent ions are converted with over 50% observed 
collision-induced dissociation (CID) efficiency in many 
cases [ 11. 
What is less clear is if traps will have practical 
advantages over triple quadrupole devices for quanti- 
tative GC/MS/MS assays. This is especially true in 
regard to observed sensitivity for a target analyte [l], 
if single reaction monitoring is sufficient for the analy- 
sis. Therefore, a study using the ion trap as a quanti- 
tative GC/MS/MS tool has been undertaken, with a 
goal of comparing results to those from a triple 
quadrupole tandem mass spectrometer. 
The steps of a MS/MS experiment are carried out 
stepwise, in time, by using the ion trap mass spec- 
trometer. In our case these can be described as: (1) 
creation and trapping of a population of ions with a 
range of mass-to-charge ratio values; (2) subsequent, 
more selective storage of a 2-3 u range, including the 
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parent ion; (3) resonant excitation of only the parent 
ion to cause CID; and (4) ejection and detection of the 
formed product ions. The total time for such an exper- 
iment is typically 50 ms, well within the elution time 
frame of compounds undergoing capillary GC. The 
observed CID efficiencies are on the order of 50-100% 
for positive parent ions produced by electron ioniza- 
tion (EI) [2, 31. 
The quantitation of analytes at the parts-per-billion 
level in crude extracts has certain problems unique to 
ion traps. Most significant, the trap has a limited 
capacity to store ions. If too many ions are created 
prior to a scan, space charge effects can be deleterious 
to subsequent steps of analysis. However, in trace 
analysis of a crude extract, the analyte is by definition 
a minor component in a large amount of matrix. 
Using EI pulses to produce adequate signals for pro- 
gram-nanogram of analyte standard8 inevitably leads 
to space charge when the analyte is in a crude extract. 
The possibility of ion-molecule reactions between 
the desired parent ion and neutral matrix molecules, 
prior to MS/MS, must also be considered. These 
thermodynamically controlled reactions could cause 
depletion of parent ion populations [4, 51. This prob- 
lem can be evaluated by comparing signals obtained 
from standards with those from the same material 
spiked into crude extracts. In our work reported so far 
we do not believe this has been a problem. 
We previously explained the necessity of using 
scan functions with combined radiofrequency (rf) and 
pulsed dc voltages (referred to within simply as rf/dc) 
for qualitative analysis of crude tissue extracts [6]. In 
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the rf/dc mode, ions of a given 2-3 u mass range are 
stored, while all others are ejected [3, 7-91. Initial 
space charge is reduced while analyte ions are effi- 
ciently stored. However, more complex methods like 
rf/dc do not have any type of automatic gain control 
(AGC). The AGC mode, among other functions, al- 
lows the determination of concentrations of an ana- 
Iyte in “unknowns” [lo, 111. Moreover, the Bxed 
ionization times that can be chosen for rf/dc work, via 
the software, must be known accurately to obtain 
calibration lines with high linearity. These limitations 
and initial attempts to overcome them are discussed 
within, in relation to practical GC/MS/MS analysis of 
spiked and clinical plasma samples. 
Experimental 
Samples of 2 aL (10% of a plasma extract) were 
injected splitless. This corresponds to .080 ng-8.0 ng 
analyte and 4.3 ng internal standard on-column, based 
on 80% recovery in the extraction process. Clinical 
samples previously analyzed by the TSQ method were 
submitted “blind” for analysis on the ion trap mass 
spectrometer. They were treated in a similar fashion, 
except that they were only spiked with the internal 
standard solution. 
Instrumentation 
The GC equipment and the ion trap mass spectrome- 
ter used in this work have been described [12]. EI 
pulse times indicated by the software were checked 
against oscillographic determinations of the gate po- 
tential as a function of tune. The ion trap mass spec- 
trometer scan function was similar to that described 
Materials and Method 
previously for GC/MS/MS work [2]. Axial modula- 
tion (6 V) is routinely optimized and used during 
Tebufelone (TE), formally l-[3,5&s(l,l- ejection and detection of daughter ions on our system 
dimethylethyl)-4-hydroxyphenyll-5-hexyn-l-one, and (u = 530,000 Hz, approximately [14]). 
a J-methyl hexynone analog were synthesized, puri- 
fied, and fullv characterized at Procter and Gamble’s Results and Discussion 
Miami Valley Laboratories. Various scan functions 
and procedures to establish calibration lines for the 
ion trap mass spectrometer, using pure standards and 
a 1001 split ratio during sample introduction, have 
been previously described [12]. That is, only 1% of a 
1-2 PL injection entered the capillary column, In this 
work GC/MS/MS determinations of “unknowns” 
were done, using the 3-methyl analog as the internal 
standard, with total introduction of a Z-PL volume via 
splitless injection. 
Two sets of calibration samples were prepared. The 
first set was derived from pure standards by adding 
10 BL of a solution containing from 1 to 100 ng of TE 
and 10 pL of a solution containing 54 ng of internal 
standard directly to sample vials (n = 5, or five repli- 
cates). These samples were evaporated to dryness and 
were reconstituted in 20 CCL of acetone. This set of 
samples was used to check the linearity of calibration 
and to establish approximate response factors for the 
compounds. The second set of samples was derived 
from plasma. 
Human plasma and clinical samples (HIV negative) 
were obtained within Miami Valley Laboratories and 
were handled with universal precautions. The extrac- 
tion procedure was previously validated for a clinical 
assay based on triple quadrupole MS/MS, which has 
been fully discussed by Dobson et al. [13]. To obtain a 
calibration line from plasma, l-g samples were spiked 
with 10 pL aliquots of TE and the internal standard, 
as described above (n = 3). Proteins were precipitated 
with acetonitrile and, following centrifugation, the 
supernatant was extracted with diethyl ether. The 
ether layer was evaporated and the samples were 
reconstituted in 20 pL of acetone. Blanks were also 
processed similarly. 
The clinical GC/MS/MS assay for TE had been previ- 
ously developed, validated, and applied to thousands 
of analyses [13]. The purpose of the present work is to 
further the development of quantitative GC/MS/MS 
methodology on the ion trap mass spectrometer. The 
success of the ion trap mass spectrometer method is 
measured by comparison to an assay that has already 
been well defined on a triple quadrupole tandem 
mass spectrometer. 
Selection of Internal Standard for Trap Work 
Both stable isotope-labeled and analog internal stand- 
ards were available for this project. Previously we 
showed several different approaches to obtaining cali- 
bration lines from an ion trap device [12]. Our conclu- 
sions were that superior results are obtained with 
internal standards separated by retention time. Simi- 
lar observations have been subsequently made by 
others [15, 161. The details will not be reiterated here. 
Improvements allowing the use of stable isotope in- 
ternal standards for quantitative GC/MS/MS on the 
ion trap mass spectrometer are still needed. 
Chromatography and Mass Spectra 
The chromatographic separation and mass spectra of 
TE and the 3-methyl hexynone analog (Figure 1) have 
been previously discussed [12, 131. The retention times 
are adjusted to typically fall between 5.5-6.5 mm on a 
15-m column, with a separation of .2 min between TE 
and the analog. In both of their mass spectra an 
intense radical cation of m/z 248 (100% relative abun- 
dance) is produced by McLafferty rearrangement, 
cleaving the bond between the 2 and 3 positions of 
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Figure 1. Structures of TE (I) and the 3methyl analog (II) used 
as an unlabeled internal standard. 
the side-chain. MS/MS of m/z 248 produces only 
m/z 233 with 100% observed CID efficiency for both 
compounds. 
The observed instrumental sensitivity for this ana- 
lyte is very good. Figure 2 shows a GC/MS trace 
(mass selective storage of m/z 248 using rf/dc) for 
500 fg. The GC/MS/MS analysis (248++ 233+) gives 
even better signal-to-noise ratio because the GC/MS 
analysis is limited by chemical background, albeit 
very low. Thus, we anticipated that the 80 pg of 
analyte injected for the low concentration plasma cali- 
bration sample (1 rig/g)) would give adequate results. 
Selection of Ionizufion Times 
In GC/MS analyses on the ion trap, the ionization 
pulse time to be used for each recorded scan is tested 
by the data system in a short prescan. The produced 
ion current is measured, the ionization time is ad- 
justed to an appropriate value, and a full scan is 
recorded. This function is called automatic gain con- 
trol, or AGC [lo, 111, and occurs on a continuous 
basis. High concentrations of materials eluting into 
the trap result in low ionization times being selected 
and vice versa. The ionization time for the full scan is 
stored and the total ion current trace is corrected 
postrun. The purpose of AGC is to avoid the build-up 
5:54 6:56 
t, (min:sec) 
Figure 2. Capillary GC/MS and GC/MS/MS of standard TE: 
(a) Blank solvent injection in the mass selective storage mode 
(m/z 248), (b) 500 fg TE analyzed in the same fashion, (c) 500 fg 
TE by capillary GC/MS/MS monitoring 248+* 233*. 
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of space charge in the ion trap. It is important to note 
that this procedure (AGC) is also critical to the quanti- 
tation of analytes with unknown concentrations. 
In this work some type of AGC function to opti- 
mize the population of parent ions isolated after the 
rf- and dc-voltage sequence would be ideal. However, 
no such algorithms exist for the rf/dc method. Rf/dc 
is required [6] for analysis of crude extracts. Because 
we did not have access to a continuously variable 
ionization pulse for any rf/dc or MS/MS applications, 
parent ion populations had to be optimized a different 
way. 
Only fixed ionization times could be selected for 
each of these experiments. In constructing a calibra- 
tion line over two orders of magnitude, however, this 
fixed ionization time was set to various values, based 
on the known analyte concentrations in the spiked 
calibration standards (Table 1). We also made use of a 
FORTH program to interactively change this value to 
an ionization time appropriate for the internal stand- 
ard concentration after the analyte eluted [6, 121. 
This is demonstrated in Figure 3, where the com- 
parison of two chromatograms obtained for splitless 
injection of 250 pg of TE and 2.5 ng TE is shown. Each 
sample also contained 5.4 ng of interna standard. The 
peak areas for the analyte are similar in Figure 3a and 
b. Notice that analyte and internal standard axeas in 
Figure 3a are also similar. This is the effect of scaling 
the ionization time to the expected concentrations. 
Calibration Using Pure Standards 
Some of our initial results on quantitative capillary 
GC ion trap mass spectrometry methodologies [12] 
were derived from the use of split injections of these 
same compounds. Only 1% of a sample injection 
entered the capillary column but the standard solu- 
tions were 100 times more concentrated than used in 
this study. Therefore, the basic quantitative perform- 
ance of the ion trap mass spectrometer was estab- 
lished for the rf/dc-MS/MS approach, without the 
complications of high matrix or high solvent loads 
associated with trace analyses. Relative standard devi- 
ations (RSDs), of about 4%, had been observed at 
both the low and high ends of the calibration line. A 
high correlation coefficient, r = .9998, was obtained 
WI. 
By using solutions of pure standards in the current 
example, but 100 times more dilute than in our previ- 
ous work, splitless injection of 2-PL aliquots contain- 
Table 1. Ionization pulse length versw amount 
injected for TE” 
Amount TE ,100 .251 .502 1.00 2.51 5.02 10.0 
on-column (ng) 
Ionization 10,000 4000 2000 1000 400 200 100 
time (ps) 
‘All samples had 5.4.ng internal standard ionized for 200 ps. 
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Figure 3. Capillary GC/MS/MS analysis of pure calibration 
standards in the full product ion scan mode. The amount 
injected splitless and the ionization time used are indicated over 
the peaks. The selected reaction 248++ 233+ is reconstructed 
postrun. Retention times are relative to the time of activating 
the Forth program, not the injection time. (IS-internal standard). 
lng 100 pg-10 ng of TE and 5.4 ng internal standard 
were made. Full-scan product ion spectra were col- 
lected. In practice there is no need to do selected 
reaction monitoring on the trap because the family of 
product ions is trapped and scanning is rapid (18 
ns/lOO u is typical). Reconstructed reaction chro- 
matograms (248++ 233+) were plotted postrun. The 
ratio of the chromatographic peak areas was scaled 
inversely to the ionization time used and plotted ver- 
sus the mass ratio of analyte to internal standard. The 
calibration line has a distinct curvature (Figure 4). 
Because this calibration had previously displayed 
high linearity on other types of instruments [12, 131, 
we became suspicious of the accuracy of the selected 
ionization times. These times are used as scaling fac- 
tors in constructing the calibration lines. Careful 





Figure 4. Calibration lines derived by plotting chromato- 
graphic peak area ratios of TE to IS versus their respective mase 
ratios in the capillary (X/MS/MS mode. The raw ratios, ob- 
tained from data as in Figure 2, are multiplied by the factor 
(ionization time internal standard)/(ionfzation time FE). The 
corrected line is derived from oscillographically measured ion- 
ization times. 
ization times specified in the software tables did not 
match those produced by the instrument hardware. 
A new calibration line was constructed by using 
scaling factors based on these accurately measured 
ionization times and was found to have improved 
linearity (r2 = 995, Figure 4). This correction proce- 
dure had not been necessary in our previous work 
[12]. It distinct curvature is observed in a regression 
line on the ion trap mass spectrometer, it is recom- 
mended that ionization times are checked, as de- 
scribed above. Over the past year, the relationship 
between computer-selected (x) and observed ioniza- 
tion time (y) has been stable and is defined by the 
relationship y = 1.0652 x + 49.28 over the range 
25-10,000 ps (Y’ = 1.000) on our instrument. 
Calibration from Plasma 
Analysis of a plasma extract is shown in Figure 5 for a 
sample spiked at 1 ppb of TE. The upper trace shows 
the total product ion current versus time. It is sug- 
gested that this is qualitatively similar to the appear- 
ance of a selected ion monitoring (or in the case of the 
ion trap, selective mass storage) trace of m/z 248 
because the efficiency of converting parent ions of 
m/z 248 to product ions approaches 100%. There are 
many chromatographic peaks present in the total ion 
trace and the analyte appears on a rising baseline. 
After elution of the analyte the fixed ionization time 
was changed via the FORTH program and a sharp 
drop in the ion current occurs ( t, = 6.5 min). The 
internal standard, at 50 ppb, is interference-free, based 
on blank analyses. 
In the lower trace the ion current for the speclhc 
reconstructed reaction of X3++ 233+ is shown. The 
! TE 80 pg (1 PPW 10 msec Ionization \ dw IS. 4.3 ng (50 ppb) 200 psec Ionization 
I Total Product Ion / 
currem Of 24e+ 




t R (mln:sec) 
Figure 5. Capillary GC full-scan MS/MS analysis of an extract 
of plasma initially spiked at 1 “g/g. The ionization time for TF is 
10 ms. The upper trace is a sum of all product ion current 
produced as a function of time. The lower trace is reconstructed 
for product ions of m/z 233 only. 
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trace is very “clean,” showing only the peaks for the Agreement of TE concentrations within 15% was 
analyte and the internal standard. Blank plasma ex- found between the TSQ and ion trap mass spectrome- 
tracts showed no responses above the baseline noise ter results. 
for TE or the internal standard for this reaction. The A more thorough comparison of the two methods 
relative response near the analyte peak in this trace is will follow in a subsequent article. Briefly though, in 
about 10% of the upper trace; showing that significant our opinion, full-scan, product ion spectra, available 
ion current is carried by other components of the from the ion trap, but not the TSQ at these levels, 
same nominal mass of 248 u. may not provide any particular advantage if one is 
Previously we demonstrated that rf/dc was neces- interested only in quantitation of a target analyte. 
sary prior to MS/MS of crude extracts of tissue ho- On the other hand, we recently described an inter- 
mogenates [6]. By using rf voltages only, all ions esting discovery of putative prostaglandin metabolites 
above a certain mass are stored prior to MS/MS, that would not have been made without the full-scan 
resulting in less rejection of spurious matrix ions in MS/MS sensitivity of the ion trap [17]. In that case, 
comparison to the rf/dc method. The MS/MS experi- five different reaction chromatograms were recon- 
ment is adversely affected as well, giving poor prod- strutted postrun from a single capillary GC/fuIl-scan 
uct ion production. The analyte peak is barely dis- MS/MS run on a sample estimated to contain about 1 
cernible in the chromatogram. We hypothesize that ng of PGE,. In each of the five reaction chro- 
this is due to the level of space charge present. We matograms peaks were observed at the same reten- 
found the same to be true in the analysis of these tion time at several points during the chromato- 
plasma extracts, with a failed MS/MS result in the graphic run. This suggested the presence of several 
MS/MS approach using rf-voltages only (Figure 6). compounds of unique structure in the sample, yet all 
The calibration line derived from extraction of these possessing a common substructure found in the par- 
plasma samples had a linear correlation, Y’, of 1.000 ent ion chosen for MS/MS. 
and a regression line y = .804x + ,002, in good We note two capillary GC/MS applications in 
agreement with previous results. The RSDs were sim- which the ion trap detector was used with selective 
iI&. We then m&d to the anaIysis of a few clinical 
samples with unknown concentrations of drug and a 
question immediately arose: What ionization time 
does one select for the analyte in such samples? 
Because AGC is not available for these experi- 
ments, the answer is to run the sample twice, which 
is a clear drawback. After a test run is completed, one 
can then select an appropriate ionization time based 
on the estimated concentration of the analyte. In fact, 
this is what AGC accomplishes in real-time GC/MS, 
using the total ion current of a short test scan to set 
the ionization time. An initial evaluation of cIinica1 
samples (submitted blind to us) was carried out. 
chemical ionization (Cl). Analysis of drugs, down to 
the low parts-per-billion level, in crude extracts of 
plasma or urine, was demonstrated [15, 161. The suc- 
cess of those methods is partly due to the cleaner 
nature of basic extracts of biological samples but also 
to the selectivity of the acetonitrile Cl of the basic 
drugs. Quantitation was achieved via automatic reac- 
tion control [15, 161, a CI analogy of AGC, and by 
using an internal standard separated by retention 
time. Finally, there are on-going attempts to improve 
our initial results with coeluting stable isotope-labeled 
internal standards [18]. 
Conclusions 
As a high sensitivity, quantitative MS/MS device for 
analysis of crude extracts, the ion trap mass spectrom- 
eter is still evolving. For narrow capillary GC peaks, 
z ION CURRENT 
internal standards separated by retention time are the 
x 
only practical choice. The lack of an AGC function for 
z 
the more complex rf/dc-MS/MS scan functions, nec- 
z 
essary for crude extract analysis, is a hindrance to 
F 
practical quantitative analyses. With the development 
i= 
of a version of AGC for these applications, the ion 
4 
trap may compete with triple quadrupole tandem 
g 
mass spectrometers as a more sensitive quantitative 
MS/MS device. This remains to be seen, however, 
and will likely be compound-dependent, in our opin- 
‘I / I I’, , I, I I, I ion. It is well established at this point that the ion trap 
5:oo 
t, (mlmsec) 7:27 is a much more sensitive, full-product ion scan 
Figure 6. Attempted analysis of the sample shown in Figure 5, 
MS/MS device. Taken together with the MS” capabil- 
but using only rf voltages. All ions above m/z 245 are stored ities of the trap, these considerations make it an 
prior to attempted dissociation of m/z 248. Space charge effects attractive option for future qualitative applications like 
may account for the failed analysis. peptide sequencing. 
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